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Abstract

A boost inverter is a versatile architecture able to supply DC or AC out-
puts from diverse alternative energy sources. The most relevant advantage of
this multipurpose converter is to provide boosting and inversion in a single
stage. The boost inverter has been studied from design and control perspec-
tives with renewable energy sources. However, the real-time emulation of
boost inverters is less widespread in literature. In this context, the main
contribution of this paper is proposing an innovative methodology based on
the Systems Modeling Language and Petri nets to emulate in real-time power
converters using the boost inverter as a case of study. This approach devel-
ops real-time Hardware-in-the-Loop models using a graphical language and
Petri nets. These graphical and Petri net features allow a formal validation
of computational and time constraints before implementation in FPGA. The
proposed methodology is also able to transform the developed models to the
High Level Specification of Embedded Systems for automatic code genera-
tion. Comparison of real-time emulations and experimental results shows a
suitable trade-off between the model accuracy and the computational time.

Keywords: Boost inverter, Hardware-in-the-Loop, SysML, Petri net,
real-time emulation, FPGA.
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1. Introduction

Nowadays, alternative energy sources have increased their integration in
power systems. As a result, innovative power converters are required to ac-
complish the power system conditions [1]. Modern power converters should
be robust architectures able to interact with intermittent energy sources and
electrical grids [2]. Currently, the boost inverter is a power converter able to
achieve these requirements which can be tested using real-time emulations [3].

The boost inverter shows interesting characteristics because provide both
boosting and inversion in a single stage [4]. These characteristics improve the
power system efficiency [5], decrease the harmonic distortion [6], and increase
the system reliability [7]. Authors in [8] introduce the boost inverter and pro-
pose a nonlinear control to take advantages of this converter. Also, further
studies present advanced control strategies to improve the boost inverter per-
formance as presented by [9][10][11]. Indeed, advanced controllers allow the
integration between renewable energy sources and the boost inverter [12][13].

According to [14], the integration of boost inverters and renewable en-
ergy sources requires innovative modeling approaches. For instance, authors
in [5] and [6] study the boost inverter interconnection with electrical grids
and PV modules. According to [15], the boost inverter can be modeled and
integrated in wind power systems. Other works also study the use of boost
inverters in hybrid architectures based on batteries, supercapacitors, and fuel
cells [16][17]. However, the boost inverter shows a highly nonlinear behavior
and control complexity which leads to unusual industrial applications despite
their remarkable advantages. As a consequence, the real-time emulation of
this power converter provides an interesting alternative for the control system
design to encourage their industrial application such as the current integra-
tion of renewable energies in power systems [18][19)].

Real-time emulations provide several advantages for the study of power
converters [20]. Analyses based on real-time emulations allow evaluating
changes under different scenarios [21][22]. A relevant advantage of a real-
time approach is to test the safety operation of power converters closer to
working conditions using a Hardware-in-the-Loop method [23]|. However, the
real-time emulation of boost inverters is less widespread in the literature de-
spite its powerful features.
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In order to contribute in the fields of power electronics modeling and
real-time emulation, this study proposes an innovative modeling approach
using the graphical Systems Modeling Language (SysML)[24]. In this spe-
cific case, the boost inverter is modeled given its special characteristics and
potential range of applications in current renewable energy systems. Nev-
ertheless, the mathematical framework and the modeling methodology can
also be extended to other power converters.

The Systems Modeling Language (SysML) is a general-purpose modeling
language for specifying, analyzing, designing, and verifying complex systems
that may include hardware, software, information, and procedures [25][26].
SysML provides a systems engineering methodology able to model complex
systems and useful to describe systems based on power converters and re-
newable energies [27]. This study takes advantages of powerful modeling
possibilities of SysML to describe power electronics systems for further real-
time emulation in Field Programmable Gate Arrays (FPGAs) [28][29]. The
FPGA is selected as a processing device because of the characteristics of par-
allel processing, versatility, and adaptability [30][20].

The proposed methodology also employs the High Level Specification
of Embedded Systems (HiLeS) to transform automatically the developed
SysML models in Petri nets and VHDL code for model implementation in
FPGA [31][32]. This study contributes with the use of Petri nets in two
directions. First, the Petri nets are employed to verify the structural con-
sistency of the developed SysML models. Second, the analysis of generated
Petri nets allows identifying delays and defining the sequence of operations
to achieve the time constraints for real-time emulation of power converters
[33]. Fig.1 outlines the proposed modeling methodology through SysML and
Petri nets.

Section II introduces the boost inverter operation and their modeling us-
ing a component-based approach. Section III presents the concepts, current
state, and scope of real-time emulation methods for power converters. Sec-
tion IV presents the SysML and the HiLeS - Petri nets framework to emulate
in real-time power converters. Section V describes the experimental setup to
validate the proposed approach. Finally, emulated and experimental results
are discussed.
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Figure 1: Modeling methodology based on SysML and Petri nets

2. Operation principle of boost inverter and modeling approach

This section introduces the operation principle and theoretical analysis
of the boost inverter as a study case for further real-time emulation.

2.1. Operation principle

A boost inverter is a power converter build by two complementary bidi-
rectional boost converters [4]. Fig.2 shows the operation principle of the
boost converter. The output voltage of a boost inverter is given by eq.(1).
When v; and vy are sinusoidal 180° phase-shifted and dc-biased signals, as
shown in eq.(2) and eq.(3), the differential output of the boost inverter is
given by eq.(4).
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Figure 2: Operation principle of Boost inverter

Vo = U1 — Vs (1)
1 .
v, = Ve + §AOSm (wt) (2)
1 .
vy = Ve + §AoSm (wt — ) (3)
vy = ApSin (wt) (4)

2.2. Gain analysis

The gain is the relation between the output and the input voltages of a
power converter. The gain is one of the most important parameter for power
converters. The ideal boost inverter gain is given by [4], where D is the duty
cycle.

V. 2D —1
=) 5)
Vi D(1 - D)
Taking into account the conductive losses, the boost inverter circuit is
drawn in Fig.3. Where S; to S; are ideal switches, R,, represents the con-

ductive losses of switching devices, and R, are the conductive losses associ-
ated to the inductors [34].



Figure 3: Boost inverter circuit with conductive losses

o7 The boost inverter has two fundamental operation states. In the first
s operation state, S; — 9, are active. In the second operation state, S2 — 53
o are active. For the first operation state,

Vr1 = Uin — ’il (RL + Ron) (6>
Vr2 = Vip — t2 (Rp + Rop) — 12 (7)
i = P and i = i+ S ®)
100 In the second operation state,
vpr = Vin — 11 (Rp + Rop) — 2 9)
Vo = Uiy — 12 (RL + Ron) (1())
ia = in + 2" and iy = L2 (11)
R
101 Applying the principle of inductor volt-second balance and the capacitor

12 charge balance to equations eq.(6) to eq.(11) [35]. Where Ry = Ry + Ro»
103 and D1 =1- D,

(Vi) = D (Vin = 1 (Ry)) + D' (Vi — I (Rs) = V1) = 0 (12)
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(Viz) = D (Vin = I (Rs) = Va) + D' (Vin — I2 (Rs)) = 0 (13)

@g:p(%é%>+ﬂ(h+%gw)=o (14)

@>—D(&+%;%)+U<h+%;%>—0 (15)

Solving the system of equations from eq.(12) to eq.(15), the boost inverter
gain is given by eq.(16) [34].

v 2D — 1
Vi Ro(1 D (16)
m _S o - /

zz(pf*D Q—%DD

Fig. 4a shows the relationship between the output voltage and the input
voltage given a series resistance R, associated to conductive and inductance
losses and a set of resistive loads R. As shown in Fig. 4a, the gain of a
boost inverter can be affected by the load changes. Fig. 4a depicts that an
AC voltage can be produced when the duty cycle oscillates around D = 0.5.
Finally, eq.(16) determines that the factor R;/R limits the boost inverter
gain.

£
% 0 <05
>
2 04
0.3
4 H
0.2
Rs=71mQ R=209 Rs=71mQ R=20
6r Rs=71mQ R=10Q | | 01t Rs=71mQ R=100
Rs=71mQ R=5Q : Rs=71m{ R=50Q
-8 + 0 L L L L
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
D D

(a) Boost inverter gain

Figure 4: Boost inverter gain and efficiency

(b) Boost inverter efficiency
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2.3. Efficiency analysis

The efficiency 7 is another important parameter of power converters. The
efficiency is defined as a relation between the output power and the input
power. Thus,

P, out V;)utj out V:)ut I out
p—y p—t P 1
rer - () (7)) n
Given the following relation for the boost inverter currents,
2D -1
Li,=5L+1,=1, 1
1+ 12 ( DD ) (18)

Calculating the efficiency 1 from eq.(16) and eq.(18),

oD — 1 |
TTNR (LD N on | |22 (19)
R\D "D )T DD’

Fig.4b depicts the boost inverter efficiency n according to eq.(19). Fig.4b
shows the influence of the duty cycle on the efficiency. As shown in Fig.4b,
variations of D > 0.8 and D < 0.2 impact drastically in the converter effi-
ciency [18]. Fig. 4a and Fig.4b also show the better operation range between
0.2 < D < 0.8 where variation is more linear and efficiency is higher. Tak-
ing into account previous results, it is clear that a well developed model
is necessary to describe the nonlinear behavior of the boost inverter. Next
section describes the component-based approach for boost inverter modeling.

2.4. Component-based approach to model the boost inverter

The previous section showed the non-linearity and behavior of boost in-
verter which requires innovative modeling approaches. This section intro-
duces a component-based approach suitable to describe the complex behav-
ior of power converters which is applied to the boost inverter a case study.
This component-based approach is intended to model power converters as
building blocks interacting with their environment. This methodology al-
lows to model the power converter with a high degree of detail disregarding
subsequent changes in the power source and load models.
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The state of the art about modeling of boost inverter is focused on
oriented-control approaches [18]. Caceres et .al introduce the model pre-
sented in [8] and consider for analysis half boost inverter coupled with a
fixed source. Approach in [8] simplifies the analysis; however, the dynamic
of half boost inverter is disregarded. In [4] is proposed a model to design a
slide-mode control on each half boost inverter. According to authors in [4],
the output transfer function is evaluated to analyze the boost inverter sta-
bility. Flores-Bahamonde et .al in [36] assume the boost inverter operation
with complementary signals; therefore, two configurations are obtained. In
[36], the state equations are given and the second method of Lyapunov is
used for stability analysis. According to [37], the proposed model can ex-
press the converter behavior using a simplify average model. AC operation
is represented by a simplified model of the electrical grid [37]. The model is
intended to study the harmonic input current impact on the boost inverter
[37]. Finally, the boost inverter model in [15] introduces a converter bilinear
model from a state-space model considering the grid connection.

As aforementioned, most of proposed models in literature are intended to
control design. Additionally, proposed models simplify the boost inverter be-
havior, use linear approaches, and disregard the influence of conductive losses.
However, these characteristics have an important effect on the efficiency and
gain of actual power converters [35]. Another drawback of current models is
the lack of scalability and adaptability; therefore, most of these models should
be updated when the operation condition changes. For instant, changes in
either the type of load or the power source require significant changes in the
model. These drawbacks are a disadvantage for real-time emulations because
the study of versatile converters such as the boost inverter requires the test
under several scenarios.

In this context, an innovative component-based approach is presented.
This methodology explores characteristics of adaptability, scalability, and
model integration suitable for the study of power systems built by several
types of power sources, converters, and loads. In addition, this method is
intended to digital real-time emulations.

The component-based approach employs the concept of instantaneous

power conservation to analyze the power converter systems as structures
formed by functional components [18]. Fig.5 shows the general concept

9



176

177

178

179

180

181

182

about the component-based approach. In this case, the power converter
is modeled independently of changes in the power source or the load. This
modeling approach uses the flow of information between the power converter
and its electrical neighborhood. To achieve this goal, the power converter is
modeled with virtual sources able to maintain the equivalent instantaneous
power at the input and output ports. The modeling procedure by using the
component-based approach is described as follows:

Btep 1: Substitution of the source power model by a virtual voltage source and

184

the load model by a virtual current source. The aim of these changes is
to formulate the power converter equations in terms of input and output
voltages and currents independently of its electrical neighborhood.

®tep 2: Formulation of the power converter equations in terms of inputs, out-

190

puts, and internal parameters. These systems of equations are con-
verted into the discrete domain because this method is intended to
digital real-time emulations.

Step 3: Formulation of equations for describing the interaction between inputs

192

193

194

195

196

197

and outputs with the electrical boundaries.

————————————————————————————————————————————

' Instantaneous power ! + Instantaneous power !
conservation | ' conservation |

______________________

Source Power converter Load

- -

4=17 ==
—— AC Bus

S
JE[TL — DC Bus

b -

| Current and voltage flow of information |

Figure 5: Component-based modeling approach

The boost inverter modeling applies the component-based approach. Four
functional components are identified using this approach. The identified func-
tional components are two bidirectional boost converters, the power source,
and the load. Fig.6 shows the functional components of the boost inverter
[18].

10



199

200

201

202

203

204

205

209

210

211

212

213

214

215

216

Bidirectional Bidirectional

boost converter Load boost converter
-— Vu +
T N O
S| | S:
+ Lz L1
C 5V, V, == G

Y

Il —
v

Power Source

Figure 6: Boost inverter circuit and functional components

Source Bidirectional boost converter Load
R R aL_ i
b L L e Lo
—— VYV ||
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Figure 7: Operation states of bidirectional boost converter modeled with virtual sources

The boost inverter analysis takes as a start point the study of the bidi-
rectional boost converters. In this case, the bidirectional boost converter is
studied using the component-based approach and the instantaneous power
conservation. Fig.7 represents the bidirectional boost converter but inter-
connected to input and output virtual sources. These virtual sources are
intended to keep the instantaneous power p,(t) = v,(t)i,(t) at the input
and output ports. For this reason, the input power source is replaced by a
voltage source keeping the input current, and the load is replace by a current
source keeping the output voltage. The power conservation property allows
to model the converter without considering changes in the power source or
the load, but only taking into account the information flow with the electrical
boundaries (see Fig.5) [18].

As shown in Fig.5, the bidirectional boost converter block should interact
with the power source and load blocks through information flow. Then, in
order to achieve this goal the following mathematical framework is proposed
34].

11
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From circuit in Fig.7, the bidirectional boost converter behavior is given
by two operation states represented by the control signal u = {0,1}. Then,
the converter behavior is given by,

dip, 1

dt L

[Uz’n - Z.L<RL + Ron) - (iLRc - ioRc + Uc)(l - U)] (20)

dv, 1. .
== ot in(l—w) (21)

Given the discrete form with a sample time h, and let us consider R, =

RL + Ron’

Ly = Z[Umk -

iLk (RL + Ron) - (iLkRC - iOkRC + Uck)(l - uk)] + iLk (22)

h . .
‘/ck+1 = 5 [_ZOk + ZLk(l - uk)] + Vg, (23>

Finally, the input and output interactions are defined. The output voltage
interaction is then,

Uok, - Uck + RC [ZLk(l - uk)) - Zok] (24>

Eq.(22) and eq.(24) are the output variables from the bidirectional boost
converter block. The calculated iz, , can be sent to the power source block
and v,, is able to be sent to the load block. Furthermore, eq.(22) to eq.(24)
are expressed to variables v; and i,, from associated power source and load
blocks. Additional terms in eq.(22) to eq.(24) depend only of internal states

and parameters.

Then, any change in the power source and load models

does not affect the developed converter model. Indeed, this is an advantage
for real-time emulation because model operations and execution time can be
well defined before model implementation.

Section IV will integrate the boost bidirectional model with the power
source and the load models using the graphical language SysML. This model
integration of section IV is proposed to develop real-time emulations. For
this reason, before to model the boost inverter in real-time, the next section
will introduce the currents state and the scope of real-time emulations in

power electronics.

12
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3. Real-time emulation of power converters

This section describes briefly the basic concepts about real-time emula-
tion, and its current state and scope in power electronics.

A real-time emulation of power electronics systems search to reproduce
accuracy voltage and current signals in a safety environment. These signals
represent the modeled systems and can be used to study control systems or
power interactions. This goal requires a fast digital real-time emulator able
to solve the equations that model the system [38]. Therefore, in discrete
time intervals are produced the output signals equivalent to the emulated
system [39]. Two situations can arise from the time constraints to evaluate
the model equations. First, the model execution time is shorter than the
required time-step. Then, the emulation is considered real-time. In contrast,
when emulation solves the equations after the time-step the emulation is con-
sidered non real-time or offline [39].

The real-time emulations are classified in two categories [38]. The first
category is a full digital real-time emulation. In this case, the emulation
occurs inside of the processing device without information interchange with
the environment. The second category is the Hardware-in-the-Loop. For this
category, an interchange of electrical signals occurs and digital-analog and
analog-digital conversion are required [23]. When the Hardware-in-the-Loop
system involves an actual controller, it is called a Controller Hardware-in-
the-Loop (CHIL). Our study is oriented toward Controller Hardware-in-the-
Loop. In contrast, the emulation that interacts with power transfer is known
as a Power Hardware-in-the-Loop (PHIL) [38].

According to Faruque et al. [39] a real-time emulator needs to solve an
electrical grid-scale model by roughly 50us or a smaller time-step to repro-
duce electrical transients. Additionally, smaller time-steps are required in
power electronics systems because of the high switching frequency of power
converters [40]. For Controller Hardware-in-the-Loop, the internal clock of
microprocessors for the control system has speed periods of 1us to 10ns.
Then, an emulation of these systems requires more computing capability
and the ability to emulate in the nanosecond scale [41].

Given these features of calculation speed and time constraints, the Field

13
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Programmable Gate Arrays (FPGAs) arise as a suitable devices to achieve
the requirements of real-time emulation in power electronics [21]. Fig.8 de-
picts the frequency range versus simulation complexity [42]. In this figure,
the frequency emulation above 100 KHz is feasible for FPGA and represents
a research challenge [42]. However, Myaing et .al argue that the main draw-
back of FPGAs is the complexity for developing code [43]. Indeed, Andina et
.al highlight the potential of FPGAs for real-time emulations; however, tools
to take more advantages of these devices are still required [44]. For these
reasons, the next section describes the SysML and the HiLeS approaches to
develop FPGA-based models to contribute with a structural methodology to
emulate in real-time power converters.

Research challenge

(—
Difficulty E Low E High Very High
oooos
Application PHIL CHIL
Step time Step Time Step Time
(CPL) (FPGA)

T T ] T T T T >
1wl 102 p? 10t 105 106 107
Frequency (Hz)

Figure 8: Range of applications and processing devices for real-time emulations

4. The SysML and Petri nets to emulate power converters

This section presents the Systems Modeling Language (SysML) [25], the
High Level Specification of Embedded Systems (HiLeS) [31], and the Petri
nets concepts [45] to develop FPGA-based real-time models of power con-
verters. These models are developed using the component-based approach
described in section II with the boost inverter as a study case.

4.1. SysML models

The Systems Modeling Language (SysML) is a general-purpose graphical
modeling language for specifying, designing, and verifying of engineering sys-
tems [25]. The SysML language uses international standardized diagrams to
specify the system concepts and architectures. The main diagrams in SysML

14
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are the Block Definition Diagrams, the Internal Block Diagrams, and the
Activity Diagrams [25]. The Block Definition Diagrams define the structure
and hierarchy of components in a system. The Internal Block Diagrams de-
scribe the interaction between components. Finally, the Activity Diagrams
are intended to model both computational and flow processes.

— «block» ‘

Boost_Inverter_System

[\

=block= «=block= =block= =block=
Power_source Bidirectional_Boost Bidirectional_Boost Load

Figure 9: Block Definition Diagram for the boost inverter model

As described in section 2.4, the boost inverter was analyzed as a system
built by four functional components. The SysML representation is shown
in the Block Definition Diagram of Fig.9. This figure depicts the structural
composition of the boost inverter. Fig.10 shows the interaction between the
functional components of the boost inverter. This figure represents the Inter-
nal Block Diagram with the specification of the information flow between the
bidirectional converters, the power source, and the load [34]. In this case, the
main components are the bidirectional boost converters which interchange
current and voltage information with the load and the power source. Finally,
the Activity Diagram of Fig.11 represents a simplified sequence of process
to evaluate the boost inverter model. In this case, the Activity Diagram
represents the operation flow and the concurrency of parallel process.

The proposed approach allows describing the behavior of each compo-
nent in contrast with conventional modeling methodologies [18]. As a result,
each functional component is modeled with independence of external mod-
els. This approach is feasible for modeling current power converters because
the interactions should be analyzed for the different types of power sources,
converter topologies, and loads [34].

4.2. Model transformation from SysML to Petri nets and VHDL

The High Level Specification of Embedded Systems (HiLeS) framework is
a free license tool able to transform automatically the SysML diagrams into

15
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Figure 10: Internal Block Diagram for the boost inverter model
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Figure 11: Activity Diagram for the boost inverter model

Petri nets and VHDL code [32]. The main advantages of this transformation
are the structural and temporal verification of the developed models before
implementation.

The HiLeS framework automatically transforms each element of the SysML
model into an equivalent HiLeS formalism element [31]. The HiLeS formalism
integrates in a Petri net representation the Internal Block Diagrams and the
Activity Diagrams. Fig.12 depicts an illustrative example of these transfor-
mations. First, the Internal Block Diagrams are represented by operational
blocks which are controlled by a Petri net according to the Activity Dia-
gram sequence. Then, the control Petri net and the operational blocks are
described as a synthesizable VHDL code. At this transformation level, the
control Petri net is synthesized in digital components and the operational
blocks are represented in VHDL code by Entities and Signals. The transfor-
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mation rules are presented in Reference [46].

The VHDL code automatically generated by the tool takes advantage
of the Petri net features to provide a fully parallel architecture intended to
decrease the processing time. However, the main constraints of the HiLeS
tool are the needs of the algorithm complexity simplification, the code opti-
mization, and the allocation control of the synthesized components. These
aspects will be considered in further research on the tool development.

Fragment of Activity Diagram From the Activity From the Internal i . Q
Diagram Block Diagram -
Bidirectional_boost
I'h J— _| H
Rl

Q Bidirectional boost

L\J.IjOut

Fragment of Internal Block Diagram =
Bidirectional Boost

__l_) in out —)I—- 3
I

g}

Synthesized VHDL code

Qp—-

SysML description Hile§ formalism
Figure 12: Hlustrative example of SysML to VHDL code transformation

Fig.13 shows the SysML transformation chain used by the HilLeS frame-
work. In Fig.13, T1 transforms SysML diagrams to the HiLeS formalism.
Stage T2 extracts the Petri net representations from the HileS model. Fi-
nally, transformation T3 is used to transform the HiLeS description in VHDL
code for implementation in FPGA [33]. An illustrative example is described
through this section using the bidirectional boost converter model developed
in section 2.4.

In Fig.14, the Activity Diagram partially represents the flow of operations
to calculate the bidirectional boost converter model from eq.(22) to eq.(24).
Fig.14 shows the advantage of using Activity Diagrams because these dia-
grams allow defining the concurrency and interdependency of operations to
take advantage of the parallel processing and adaptability of FPGAs. Fur-
thermore, the HiLeS framework transforms automatically the Activity Dia-
grams in Petri nets according to the rules in [32].
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Figure 13: SysML transformations using the HiLeS framework

The Petri nets are a graphical and mathematical modeling language
for the description of distributed systems. The Petri net elements are the
places P, (circles), transitions 7,, (rectangles), and arcs (arrows) [45]. Places
are connected to transitions by mean of arcs. According to [32], each ele-
ment from the Activity Diagram is transformed to an equivalent Place-Arc-
Transition branch. Fig.15a shows the associated Petri net of Fig.14. As
example, the sequence of operations Ps highlighted in the Activity Diagram
is translated to a Petri net branch in Fig.15a. A repetitive loop with the
transition 7§ is added to the Petri net of Fig.15a to analyze the iterative
properties of the equivalent Petri net. Fig.15b shows a simplified version of
the Petri net of Fig.15a to illustrate in the next section the formal mathe-
matical validation.

4.2.1. Petri nets analysis

The Petri nets and the linear algebra theories allows analyzing the Petri
net properties. The main properties of Petri nets are the boundedness, live-
ness, invariance, and consistency. To accomplish these properties ensure the
Petri net stability and the feasible use of computational resources to avoid
unexpected behavior after implementation [45].

From the simplified Petri net of Fig.15b, the graph of markings is shown

Fig.16a. In Petri nets, a change of state is denoted by the movement of to-
kens or marks (*) from one place to another. A graph of markings represents
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Figure 14: Partial Activity Diagram for calculation of the bidirectional boost model

(a) Petri net for bidirectional boost model calcu- (b) Simplified Petri net
lation

Figure 15: Petri net for the bidirectional boost converter model

the possible markings for the analyzed Petri net after transition firing [45]. A
marking is a column vector whose components indicate the number of tokens
or marks in each place (P,). Fig.16a shows that each place has maximum
one token. Then, the simplified Petri net is bounded because it has a limited
number of tokens in each place. The interpretation of this property is that
the Petri net requires a finite memory space and a finite use of hardware re-
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sources. Furthermore, the graph of markings shows that is possible to reach
any marking from any other marking; then, the Petri net is live without
deadlocks [45]. An incident matrix W denotes in columns the corresponding
marking modification when a transition T, is firing and to add (1) or remove
(-1) tokens [45]. Fig.16b represents the incident matrix of the bidirectional
boost converter model.

il T6 TI T2 T3 T4 TS5 T6.
po [1 o] [o]l [o 0 0 -1 0 0 0 o0 1|Po
P1 |o 1 0 0 0 0 1 -1 0o 0 o0 0]P
P2 |0 0 1 0 0 0 0 1 -1 0 0 0| P2
P3 |o 0 1 0 0 0
T1 T2 T3 T4 T5 0 1 -1 0 0 0 P3
P4 10— 0! 1 O w=lo 1 o -1 o o0 | P4
v [o| [of [of [1] [of [0 0 1 0 0 0P
0o 0 1 -1 0 0 |P6
p7 |o 0 0 0 1 0
2 0 0 0 0 1 g g g 0 ! _[1’ g;
mo ml m2 m3 m4 m5 L 1 .
(a) Graph of markings (b) Incidex matrix

Figure 16: Petri net representation with linear algebra

A vector of places x, x = (p1, p2, ..., pn) with 0 < p;, which is a solution
of 27 - W = 0 is known as a P-invariant and represents the invariant prop-
erty of Petri nets [45]. Given the incident matrix W for the analyzed Petri
net and the vector of places x, there is a finite solution for 27 - W = 0 in
27 =[441111234]. Then, this Petri net is invariant [45].

A vector y associated with a firing sequence and solution of W -y =0
is known as a T-invariant. y represents the consistent property of Petri nets
[45]. Given the incident matrix W for the analyzed Petri net and the vector
of transitions y, there is a finite solution for W-y =0 iny=[111111]T.
Then, this Petri net is consistent [45].

As a result, the Petri net for the bidirectional boost converter model is
bounded, live, invariant, and consistent [45]. These properties ensure the
structural and behavioral stability of the proposed model before implemen-
tation in FPGA.
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Figure 17: Time graph for the Petri net evolution

The formal validation of Petri nets by means of linear algebra methods is
usually validated using computational tools [47]. The use of these automatic
analysis tools, such as the integrated tool to HiLeS (TINA - TIme Petri Net
Analyzer), allows the formal validation of Petri nets with a large number
of places and transitions [47]. Then, developed power converter models in
SysML can be transformed to Petri nets for formal Petri net validation with-
out constraint in the Petri net size.

In addition, the HiLeS framework automatically transforms the developed
models to VHDL code for FPGA implementation. Then, the Petri net of the
bidirectional boost converter model is analyzed by simulating the generated
VHDL code. Fig.17 shows the temporal evolution of the model operations.
Results in this figure depict the Petri net temporal evolution and the de-
lays cause by the calculus in each stage. The simulation of Fig.17 allows
validating the real-time constraints for the model and identifying the delay
problems. In this case, the step time for model calculation is suitable for
real-time application given their range in nanoseconds. After validation of
the bidirectional boost model characteristics, the entire boost inverter model
is integrated and the simulation results are analyzed.

Fig.18 depicts the simulation of the VHDL code for the inductor currents
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Figure 18: Simulation results for inductor current with time step around 500nS

(I11,112) of the boost inverter model. Fig.18 shows that the step time for the
boost inverter model is around 500nS (sampling signal H_Out). This step
time is significantly lower that the expected switching time U = 10us. Then,
the developed model is able to emulate the boost inverter in real-time given
this expected switching time U.

Furthermore, Fig.19 outlines the whole behavior for the boost inverter
model driven by a control signal with a Sinusoidal Pulse Width Modulation
(SPWM). Simulation of Fig.19 confirms that the developed real-time model
is able to follow the dynamic and nonlinear behavior of the boost inverter
given a sinusoidal reference. After this suitable results, the next section will
describe the experimental setup to compare the developed emulation with
an actual boost inverter prototype.

H‘u a Fas 1w i as oo 2 Bea o pe P ae o3
Vg |
Vo W
Vref e ‘\‘\ - - | \\‘\\ L o .

- }_/\\_._/ "\\\_’ /\
e e — e —

Figure 19: VHDL simulation of boost inverter real-time model
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5. Experimental test to validate the proposed approach

The developed boost inverter model is implemented in FPGA and vali-
dated in real-time against the experimental test of a physical boost inverter
(Fig.20). For validation, a Sinusoidal Pulse Width Modulation (SPWM)
controls at the same time the boost inverter model and the boost inverter
prototype. The digital signals from the FPGA model are transformed in
analogical signals using high speed Digital-to-Analogical converters. Then,
the analogical signals are scaled and compared with the actual output sensor
signals. Table 1 lists the parameters for the experimental setup.

Figure 20: Experimental test of boost inverter prototype

The VHDL code automatically generated from the SysML models is syn-
thesized in FPGA. In this study, a Zyng-72020 - Artix7 series FPGA is used
to implement the developed model. The Vivado Design Suite WebPACK™
of Xilinx provides the VHDL synthesis, simulation, and configuration file for
model implementation in FPGA. Fig.21 summaries the resource utilization
after synthesis with an important use of the dedicated Digital Signal Pro-
cessors (DSPs) given the floating-point operations for high model accuracy.
Synthesis results also showed that the execution time is around 350ns which
agrees with the expected Petri net analysis. In addition, the ratio between
the execution time and the time step is approximately 70% where the differ-
ence is reserved to the high speed DAC communication.

Fig.22 depicts the DC comparison between the gain for the FPGA-based
emulation and actual boost inverter. Comparison of emulated and physi-
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Table 1: Parameters for the experimental validation

Parameter Value
Ll - L2 47 /LH
RL 6 mS2
Cl - CQ 10 /ubF
R, 50 mf2
S1— 8, C3M0065090D - SiC MOSFET
R,, 65 mS2
DriverMOSFET 1EDI20N12AF
SPW M signal F,, = 50Hz F. = 100KHz
DAC High speed - AD5541
FPGA Zynq-77020 - XC7Z020

Lookup Tables 119
Flip-Flops
DSPs 30%

0 et 50 75 100
Uttilization (%)

Figure 21: FPGA utilization after synthesis

Relation Vout / Vin Booslt inverter

VoutMn

J

01 0.2 03 0.4 05 0.6
Duty cycle

Figure 22: Boost inverter gain (red line - emulation, blue dot - prototype)

cal boost inverter gains shows the FPGA-based emulation accuracy. These
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results also agree with the theoretical gain of eq.(16). Emulation results
of Fig.23 allow verifying the experimental time step speed in comparison
with the switching time for the emulated inductor currents. The boost in-
verter power results are listed in Table 2 with suitable agreement between
the emulation and the experimental results. Finally, results in Fig.24 show
the synchronization between the emulated and the physical boost inverter
for two percentages of modulation SPWM. In both cases, the results allow
confirming the suitable performance of developed emulator to follow the non-
linear and complex behavior of the boost inverter. In the next section, the
results are discussed.

Table 2: Boost inverter power results

SPWM Modulation 10% SPWM Modulation 25%

Emulation Experimental Emulation Experimental
Input power (W) 33.4 33.3 187.6 186.5
Output power (W) 30.8 30.3 167.0 164.1
Efficiency 7 0.92 0.91 0.89 0.88

Ch1 SO0 Chz S.0¢ M 10ps 125685 1T 400psdat
Che S.0¢ A ChZ o« 1.8

Figure 23: Time step for emulation of inductor current (blue - inductor current, red -
control signal, magenta - time step)
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Figure 24: Comparison of emulated and experimental output voltages of the boost inverter

6. Results and discussion

Fig.22 shows the gain relation for the proposed emulation model and the
actual boost inverter. For this gain comparison, the Medium Square Er-
ror MSE = (31, (ei)2) /nis MSE=0.01. The Medium Absolute Error
MSE = (3_", |e;]) /n is MAE=0.093. Then, the gain results validate the
suitable accuracy of the real-time emulation model.

Fig.23 depicts the inductor current, which is the faster signal, the control
signal, and the model sampling signals. These results show that the time for
the sampling signal allows calculating the model for the faster signal of the
system. This case of study assumes a control signal with switching time of
10uS and a time step 500nS suitable to evaluate the model.

In Fig.24 both emulated and physical signals are synchronized and com-
pared. Fig.24a and Fig.24b show that the emulated signal is able to follow
the behavior of the actual boost inverter in a wide range of SPWM variation.
These results confirm that the proposed methodology is suitable to generate
models for real-time emulation with a high degree of accuracy.

These experimental and emulated results have shown that the proposed
methodology based on SysML and Petri nets can contribute to the research
challenges discussed in section 3. The time step and accuracy achieved in
this study of case are in the expected region of research proposed by Lauss
et .al [42] with suitable results. Finally, the proposed approach has shown
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its potential to decrease the gap between the real-time modeling and the
complex implementation in FPGA as suggested by Andina et .al [44].

7. Conclusion

This paper has presented a modeling methodology based on SysML and
Petri nets able to model power converters. This study of case was focused on
the boost inverter with appropriate results. This methodology identified the
boost inverter functional components and their interactions by means of a
component-based approach. Furthermore, the bidirectional boost converter,
as main functional component of the boost inverter, was analyzed in detail
and subsequently integrated to the boost inverter for a real-time emulation.
The real-time emulation and experimental results provided a suitable model
accuracy and time performance. As a consequence, the proposed methodol-
ogy has shown its potential to model power converters. In future work, this
methodology can be applied to other power systems with different types of
energy resources, converter topologies, and nonlinear loads.
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